Purpose: The aim of this study was to compare qualitative and quantitative image quality and geometric distortion of 4 magnetic resonance diffusion-weighted imaging (DWI) sequences of the prostate using comparable imaging parameters and similar acquisition times. Methods and Materials: Axial T2-weighted turbo spin echo images and axial DWI echo-planar imaging (EPI) sequences, including single-shot spin-echo (ss-EPI), readout-segmented multishot (rs-EPI), selective excitation-reduced field of view (sTX-EPI), and prototype single-shot technique applying slice-specific shimming (iShim-EPI) sequences, were acquired at 3 T in 10 healthy volunteers (mean age, 26.1 ± 3.8 years; body mass index, 23.2 ± 3.0 kg/m 2 ). Two radiologists, blinded to the type of DWI, independently rated DWIs on a 5-point Likert scale regarding subjective image quality features (resolution, demarcation of prostate capsule, zonal anatomy). Interreader agreement was assessed using the intraclass correlation coefficient. Signal-to-noise ratio (SNR) and apparent diffusion coefficient (ADC) values were assessed separately in the peripheral and transitional zone. For the analysis of geometric distortion, the diameter of the prostate from left to right and from anterior to posterior was measured at the level of the verumontanum on b-1000 DWIs and on T2-weighted turbo spin echo images. Differences were compared using the Wilcoxon rank sum test for qualitative parameters, analysis of variance, and Friedman test for quantitative parameters. A P value of less than 0.05 was considered significant, with correction for multiple comparisons. Results: Interreader agreement was good to excellent (intraclass correlation coefficient, 0.71-0.79) for all qualitative features. Subjective image quality regarding "resolution" was significantly better for ss-EPI than rs-EPI (mean Likert score, 4.25 vs 3.8; P = 0.031) and sTX-EPI (4.25 vs 3.3; P = 0.046) and for iShim-EPI as compared with rs-EPI (4.4 vs 3.8; P = 0.031) and sTX-EPI (4.4 vs 3.3; P = 0.047). There was no significant difference regarding capsule demarcation and zonal anatomy. Signal-to-noise ratio was significantly higher in iShim-EPI than sTX-EPI (SNR ± standard deviation [SD], 28.13 ± 8.21 vs 14.96 ± 2.4; P = 0.015). The ADC values were lower for the peripheral zone in the sTX-EPI than in the ss-EPI (ADC ± SD, 1002.94 ± 83.51 vs 1165.05 ± 115.64; P = 0.013) and the rs-EPI (1002.94 ± 83.51 vs 1244.40 ± 89.95; P = 0.0012) and in the transitional zone in the sTX-EPI compared with the rs-EPI (874.50 ± 200.72 vs 1261.47 ± 179.23; P = 0.0021). There were no statistically significant differences in geometric distortion between all DWI sequences.
D
iffusion-weighted imaging (DWI) is an integral component of multiparameteric magnetic resonance imaging (MRI) of the prostate and is one of the key sequences for detection of prostate cancer. [1] [2] [3] Various DWI sequences have shown high diagnostic performance in prostate cancer detection and the ability to assess cancer aggressiveness. [4] [5] [6] Especially in higher field strength (3 T) imaging, the widely used single-shot spin-echo echo-planar imaging (ss-EPI) techniques are hampered by the presence of artifacts such as geometric distortion or susceptibility caused by B 0 -field variations and off resonance effects. [7] [8] [9] Recently, novel acquisition techniques have been introduced to diminish these artifacts and to improve image quality. Readout-segmented multishot EPI (rs-EPI) sequences allow for shorter echo-spacing in the EPI echo-train compared with regular ss-EPI DWI by sampling a smaller number of k x points for each readout segment, leading to a reduction of T 2 * blurring effects and to a higher nominal resolution. 10 Selective excitation-reduced field of view (FOV) EPI (sTX-EPI) sequences reduce the size of the FOV along the phase-encoding direction by applying 2-dimensional (2D), spatial-selective excitation pulses. Thus, the length of the EPI echo-train is shortened, resulting in reduced geometric distortion and increased resolution. 11, 12 Magnetic field inhomogeneities and geometric distortion can also be reduced by slice-selective optimization of the main magnetic field in combination with a standard EPI readout (prototype single-shot technique applying slice-specific shimming [iShim-EPI]). 13, 14 Recent studies have demonstrated improved image quality and reduced artifacts in prostate MRI for rs-EPI and sTX-EPI compared with ss-EPI. 12, 15, 16 Another study showed that iShim-EPI reduced the impact of susceptibility effects as well as improved signal intensity, spatial alignment and improved signal-to-noise ratio (SNR) in whole-body DWI compared with DWI using conventional shimming.
14 A comparison of all 4 DWI techniques, however, regarding image quality and geometric distortion in MRI of prostate cancer has not yet been performed. While a limited overall image quality may hamper the detection of prostate cancer foci, geometric distortion may not only influence quantitative apparent diffusion coefficient (ADC) values, 17 but may also impede accurate coregistration of sequences needed for radiation planning 18 or for MRI-guided targeted biopsies.
Thus, the purpose of this study was to compare qualitative and quantitative image quality and geometric distortion between ss-EPI, rs-EPI, sTX-EPI, and iShim-EPI DWI of the prostate using comparable imaging parameters for all sequences and especially similar acquisition times.
MATERIALS AND METHODS
This prospective study was approved by the regional ethics committee. Written informed consent was obtained from each volunteer.
Study Population
Ten healthy volunteers without known pathology of the prostate underwent an adapted prostate MRI protocol between October 2015 and February 2016 at our department (mean age, 26.1 ± 3.8 years; body mass index, 23.2 ± 3.0 kg/m 2 ). Inclusion criteria were (1) age older than 18 years, (2) no contraindications for MR scanning, and (3) no known focal prostate lesion. No instructions with regards to clearing rectal gas were given before the MRI.
MRI Technique
We acquired all images on 3 T whole-body MRI systems (MAGNETOM Skyra; Siemens Healthcare, Erlangen, Germany) using 2 independent transmit channels (TimTX TrueShape; Siemens Healthcare). A 60-channel phased-array receive coil was used for signal reception. Two different scan protocols with different order of the DWI sequences were performed. T2-weighted turbo-spin echo (TSE-T2W) images were always acquired first.
Axial TSE-T2W sequences were acquired with repetition time (TR)/echo time (TE), 6650/96 milliseconds; FOV, 222 Â 222 mm Diffusion-weighted imaging sequences were acquired with orientation and location identical to TSE-T2W images. Parameters such as b-values, TR, in-plane resolution, ST, and acquisition time were kept identical, where possible. Echo time and TR were set to "minimum."
The resulting acquisition parameters for ss-EPI were as follows: 
Qualitative Image Analysis
The b-1000 DWIs of all volunteers were independently reviewed by 2 radiologists (B.K.B and A.S.B. initials blinded, both with 2 years of experience in interpreting prostate MRI). All data sets were arranged in random order and reviewed in 1 reading session. The anatomical region presented on the screen was limited so both readers were blinded to the type of DWI (eg, the reduced FOVof the sTX-EPI was not identifiable). Resolution, demarcation of prostate capsule, zonal anatomy, geometric distortion, and overall image quality were assessed on a 5-point Likert scale (1, poor; 2, below average; 3, average; 4, above average; 5, excellent; 1, no distortion; 2, low distortion; 3, intermediate distortion; 4, high distortion; 5, very high distortion, respectively). "Resolution" was defined as the ability to recognize detailed anatomical structures within the prostate (urethra, verumontanum, etc). "Demarcation of the prostate capsule" was defined as ability to depict the prostatic capsule in a continuous fashion around the prostate. "Zonal anatomy" was defined to distinguish the transitional zone of the prostate from the peripheral zone. Furthermore, presence of artifacts (wrapping, ghosting, susceptibility, blurring, and other) and their influence on image quality were assessed on a 5-point Likert scale (1, no influence; 2, low influence; 3, moderate influence; 4, severe influence; 5, substantial influence, respectively). At the end of the session, the 4 DWI series for each patient were presented to the reader side-by-side, and they were asked to choose their overall preferred sequence.
Quantitative Image Analysis

SNR Measurements and Analysis
Signal-to-noise ratio analysis was performed according to an approach recently again described by Reeder and colleagues, 19 which has since been applied for SNR evaluation of different DWI/DTI sequences. 20, 21 b-100 sequences in all diffusion sequences were acquired twice, and subtraction images for all sequences were calculated, resulting in 1 noise map for each set of sequences. Signal-to-noise ratio was calculated as follows:
where ρ is the measured image intensity, proportional to the magnitude of the measured transverse magnetization; σ is the standard deviation of the corresponding noise components as measured on the difference image; and ffiffi ffi 2 p is a correction factor. 20, 21 First, voxel-wise SNR maps were calculated. In particular, both image data and corresponding noise data were postprocessed separately, resulting in voxel-based SNR maps. ss-EPI indicates single-shot echo planar imaging; sTX-EPI, selective excitation-reduced field of view echo planar imaging; rs-EPI, readout-segmented echo planar imaging; iShim-EPI, single-shot echo planar imaging with slice-by-slice shimming; FOV, field of view; DWI, diffusion-weighted imaging.
Subsequently, a third reader placed region of interests (ROIs) in the peripheral zone as well as within the left and right transitional zone of the prostate. Corresponding mean SNR values in the ROI were extracted, resulting in 1 SNR value for each ROI. Finally, the ROIs located within the left and right transitional zone have been averaged. Thus, SNR values for the peripheral as well as the transitional zone were obtained for each study participant. An example of an SNR map for all DWI sequences is presented in Figure 1 . 
ADC Measurements and Analysis
Geometric Distortion
Quantitative image analysis of geometric distortion was assessed by measuring the diameter of the prostate on b-1000 DWIs and on TSE-T2W images from left to right and from anterior to posterior at the level of the verumontanum (Supplementary Figure 1 , Supplemental Digital Content 1, http://links.lww.com/RLI/A359). Differences in diameter between DWI and TSE-T2W images were assessed. Values measured on TSE-T2W images were used as the standard of reference for the definition of anatomic borders. Measurements were conducted using a free digital imaging and communication in medicine viewer (Osirix; version 5.9; The OsiriX Foundation, Geneva, Switzerland).
Statistical Analysis
Interreader agreements for all qualitative image features were assessed using the intraclass correlation coefficient (ICC). An ICC of 0.75 to 1.00 indicated excellent, 0.60 to 0.74 good, 0.40 to 0.59 fair, and less than 0.4 poor agreement. 22 Wilcoxon rank sum tests with Benjamini-Hochberg correction for multiple comparisons were used to detect significant differences in qualitative image features between ss-EPI, rs-EPI, sTX-EPI, and iShim-EPI. Regarding SNR and ADC, analysis of variance (ANOVA) was performed to evaluate potential group interactions with respect to measured SNR and ADC values within the peripheral and transitional zone of the prostate. Post hoc paired-sample t tests were performed to identify potential differences in SNR and ADC between each pair of diffusion sequences. Friedman tests were used to detect significant differences in quantitative analysis of geometric distortion. All statistical analyses were performed using SPSS (IBM SPSS Statistics 22; SPSS Inc, Chicago, IL) and R (v3.3.1; The R Foundation for Statistical Software, Vienna, Austria). A (corrected) P < 0.05 was considered statistically significant. All tests were 2-tailed.
RESULTS
Qualitative Analysis
Interreader There were significant differences in the qualitative feature "resolution" between ss-EPI and rs-EPI (P = 0.031), between ss-EPI and sTX-EPI (P = 0.046), between iShim-EPI and rs-EPI (P = 0.031), and between iShim-EPI and sTX-EPI (P = 0.047) (Fig. 2) . No significant differences were found in demarcation of the prostate capsule, zonal anatomy, geometric distortion, the influence of artifacts on image quality, and on diagnostic evaluation between these sequences (P = 0.064-1). Furthermore, there were no significant differences in any of the qualitative features between ss-EPI and iShim-EPI (P = 0.5-1) and between rs-EPI and sTX-EPI (P = 0.3-1).
Overall image quality was rated highest for iShim-EPI by reader 1 (4.0, SD ± 0.8) and for ss-EPI by reader 2 (4.5, SD ± 0.7). However, the differences between iShim-EPI and ss-EPI compared with the other DWI sequences were not significant regarding overall image quality for neither reader (P = 0.092-0.396 and P = 0.092-0.773, respectively). Selective excitation-reduced FOV EPI had the lowest score for both readers (3.1, SD ± 0.7 and 3.0, SD ± 1.2, respectively) with the highest number of artifacts (n = 10 and 8), the highest influence of artifacts on the image quality (3.2, SD ± 0.9 and 2.7, SD ± 1.2, respectively), and on the diagnostic performance (2.1, SD ± 1.1 and 2.3, SD ± 1.3, respectively) as well as the highest number of not diagnostic sequences (n = 3 and 2). These differences, however, were not statistically significant. Results are summarized in Table 2 .
On a side-by-side comparison, the ss-EPI sequence was most frequently chosen by both readers (in n = 7 of 10 study participants) in terms of overall preference. Prototype single-shot technique applying slice-specific shimming EPI was preferred in n = 3 of 10 study participants by both readers. An example of all 4 DWI sequences is presented side-by-side in Figure 3 .
Quantitative Analysis
Signal-to-noise ratio (mean ± SD for the peripheral/transitional zone within the prostate) was 30 Regarding SNR, ANOVA yielded a statistically significant group effect in the peripheral zone (F = 0.743, P = 0.0151, all given P values corrected for multiple comparisons) but not in the transitional zone (F = 2.258, P = 0.201). Post hoc paired-sample t tests revealed lower SNR in the peripheral zone for sTX-EPI compared with iShim-EPI (t = 4.851; P = 0.015). The sTX-EPI showed a trend toward lower SNR in the peripheral zone compared with ss-EPI and rs-EPI as well as lower SNR in the transitional zone compared with ss-EPI and iShim-EPI. However, significance was lost after correction for multiple comparisons (see Table 3 for detailed presentation of SNR results). Apparent diffusion coefficient (mean ± SD for the peripheral/ transitional zone within the prostate) was 1165.05 ± 115.64/ 1066.64 ± 188.15 for ss-EPI, 1244.40 ± 89.95/1261.47 ± 179.23 for rs-EPI, 1002.94 ± 83.51/874.50 ± 200.72 for sTX-EPI, and 1133.37 ± 141.17/1075.21 ± 162.75 for iShim-EPI, respectively. The ANOVA showed a statistically significant group effect in the peripheral zone (F = 8.355, P = 0.0024, also, all given P values corrected for multiple comparisons) and the transitional zone (F = 7.437, P = 0.001). Post hoc paired-sample t tests revealed significant lower ADC values for the peripheral zone in the sTX-EPI compared with the ss-EPI (P = 0.013) and the rs-EPI (P = 0.0012). Furthermore, the post hoc paired-sample t tests revealed significant lower ADC-values for the transitional zone in the sTX-EPI compared with the rs-EPI (P = 0.0021). There were no significant differences between all other DWI sequences in the peripheral and transitional zone.
There were no statistically significant differences in left to right and anterior to posterior diameter of the prostate between all 4 different DWI sequences and the TSE-T2W sequences (P = 0.196) with a median diameter difference of −0.5 mm (interquartile range [IQR], −0.7 to 0.8 mm) and −0.6 mm (IQR, −1.7 to 1.1 mm) for the ss-EPI, 0.2 mm (IQR, −1.6 to 1.3 mm) and 0.3 mm (IQR, −0.5 to 1.1 mm) for the rs-EPI, 1.6 mm (IQR, 0.4 to 3.9 mm) and 1.6 (IQR, −0.9 to 2.3 mm) for the sTX-EPI, and 0.6 mm (IQR, 1.7 to 1.1 mm) and 0 (IQR, −1.4 to 1.3 mm) for the iShim-EPI, respectively.
DISCUSSION
Our study investigates 4 modern DWI sequences for MRI of the prostate. A tendency toward superior image quality for ss-EPI and iShim-EPI sequences was seen, however, statistical significance of these differences was reached in only 1 evaluated feature of image quality ("resolution"). In a side-by-side comparison of the 4 DWI sequences, both readers preferred ss-EPI and iShim-EPI over rs-EPI and sTX-EPI. The subjective preference of these 2 DWI sequences was paralleled with the findings of the SNR analysis, in which ss-EPI and iShim-EPI showed a trend toward higher SNR compared with rs-EPI and sTX-EPI in the peripheral and transitional zone. The higher SNR of the single-shot full-FOV techniques is expected due to their higher sampling efficiency.
Two of the 4 tested sequences, rs-EPI and sTX-EPI, have been compared in a recent study 15 and have shown comparable image quality with higher geometric distortion in the sTX-EPI sequence. In our study, the geometric distortion in all tested sequences was not significantly different, possibly due to acquisition without an endorectal coil in our study as compared with the previous study. Especially, the sTX-EPI seemed to be prone to susceptibility artifacts at the coil-prostate border when acquired using an endorectal coil. Another difference as opposed to the study by Barth et al 15 was the focus on comparable acquisition time between all 4 tested sequences in our study. While previously conducted studies demonstrated improved image quality and less geometric distortion for rs-EPI in various parts of the body [23] [24] [25] [26] [27] and in the prostate 28 as compared with ss-EPI, we could not demonstrate superiority of rs-EPI imaging versus ss-EPI. It seems that the moderate spatial resolution used in our study in combination with the high receiver bandwidth and well-adjusted B 0 -field did not result in severe T2* signal To evaluate potential differences between pairs of sequences in SNR within the peripheral and transitional zone of the prostate, post hoc paired-sample t tests were performed. Corresponding P values are given uncorrected as well as corrected for multiple comparisons (Benjamini-Hochberg procedure, n = 12 to account for all performed paired-sample t tests). Italics indicate P values < 0.05. ss-EPI indicates single-shot echo planar imaging; sTX-EPI, selective excitation-reduced field of view echo planar imaging; rs-EPI, readout-segmented echo planar imaging; iShim-EPI, single-shot echo planar imaging with slice-by-slice shimming.
decay during the EPI readout train and therefore lead to high image quality that could not be improved further by the rs-EPI or sTX-EPI techniques. Readout-segmented multishot EPI and sTX-EPI may demonstrate their full potential for higher spatial in-plane resolution that would require very long echo-trains when using single-shot full-FOV techniques. By keeping the acquisition time for all 4 tested sequences comparable, the rs-EPI might not have been optimized to its fullest potential; however, we focused on keeping the acquisition time for all sequences reasonable considering a clinical application. Contrary to our study, previously published studies by Thierfelder et al 12 and Rosenkrantz et al 16 showed improved image quality and reduction of artifacts for sTX-EPI sequences in the prostate as compared with ss-EPI. However, in these studies, the acquisition time for the ss-EPI was either distinctly shorter compared with the sTX-EPI 12 or both acquisition times were markedly longer as compared with our study. 16 Also, TE for ss-EPI was considerably longer and in-plane resolution slightly higher than in our sequences, possibly leading to a lower SNR as compared with our sequences. The slightly but significantly lower ADC values measured in the peripheral zone and transition zone of the sTX-EPI sequence might have been caused by the differences in image quality or possible artifacts altering the measurements. The differences of ADC values measured in our study lie within reported coefficients of variation in ADC in abdominal organs between MRI scanners of different vendors. 29 Nevertheless, the possibility of differences in ADC measurements between different DWI techniques should be considered in case quantitative measures will be included in updated versions of guidelines on interpreting prostate MRI. Another reason for the different outcome compared with the study by Thierfelder et al might be the different study population: in our study, young and healthy volunteers were examined with possibly less air in the rectum than in a typical patient population and therefore less pronounced problems with artifacts and distortion at the rectum-prostate interface.
The EPI sequence with integrated 2D slice-by-slice shimming (iShim-EPI) showed improved image quality compared with rs-EPI and sTX-EPI and similar image quality compared with ss-EPI. This sequence has recently been evaluated and compared with ss-EPI in head and neck 13, 30 and in whole-body applications. 14 In both of these studies, iShim-EPI showed less spatial distortion and higher image quality in the neck area. In our study, probably due to evaluation of a less artifact-prone anatomical region, these benefits in reduced geometric distortion were not present. Altogether, the reduced geometric distortion and proposed advantage in artifact reduction of rs-EPI, sTX-EPI, and iShim-EPI as opposed to ss-EPI could not be demonstrated in MRI of the prostate of healthy volunteers. They may, however, be able to show their potential in reducing artifacts and geometric distortion in situations where ss-EPI is prone to artifacts, such as in the presence of air in the rectum during prostate MRI or in patient with hip implants. 31 Our study has limitations. First, we investigated young and healthy volunteers instead of patients with a clinical suspicion of prostate cancer. Volunteers were chosen for this study in to compare different DWI sequences in a homogeneous population. This population had a normal body mass index and normal prostate zonal anatomy and does not reflect the typical patient population undergoing prostate MRI for suspected prostate cancer. However, as each DWI sequence was acquired twice to calculate voxel-by-voxel SNR, the acquisition time for the DWI comparison was substantial and it would not have been feasible to perform this study in clinical practice on patients. Second, the sample size was small, but in the typical order for volunteer studies of this type. Third, due to the choice of the study population, effects of the different DWI sequences on diagnostic accuracy could not be assessed. Fourth, the highest b-value acquired in our study subject was b = 1000 s/mm 2 . Because the aim of the study was to compare image quality and not lesion depiction, we did not acquire higher b-values, which might be helpful for diagnostic purposes. However, the high b-value images (b ≥ 1400 s/mm 2 ) may be calculated from the acquired b-values in concordance with PI-RADS v2 guidelines.
In conclusion, ss-EPI and iShim-EPI showed a tendency toward better image quality and SNR compared with rs-EPI and sTX-EPI in prostate MRI of healthy volunteers. No significant differences in geometric distortion were seen between all 4 DWI sequences.
